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Abstract 

The female-biased infection of facultative symbionts has been found in Bemisia tabaci; however, whether there are any 
differences in tomato yellow leaf curl virus (TYLCV) and obligate symbiont infection rates between females and males is 
unknown. Determining whether such differences exist would be very important for understanding the spread of the plant 
virus and of the symbionts. We compared both symbiont infection types, including obligate and facultative symbionts, and 
the rates of TYLCV infection in both sexes in five field populations from Jiangsu Province, China. The obligate symbiont 
Portiera aleyrodidarum was not found in every whitefly tested. In all tested populations, more females than males were 
found to harbor P. aleyrodidarum; and more females than males also harbored l-lamiltoneila defense, the most common 
facultative symbiont as well as Cardinium. In addition to female-biased symbiont infections, there were also female-biased 
TYLCV infections, and the infection frequencies of this plant virus in females were higher than those in males. Taken 
together, these results suggested that both the female-biased symbiont infections and female-biased TYLCV infections 
promoted the rapid spread of TYLCV in China. 
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Introduction 

Insects commonly harbor a variety of endosymbionts, including 
obligate symbionts that are essential for the host's survival and 
development and facultative symbionts that are not essential but 
may play important roles in the host's ecology and evolution. The 
relationships between symbionts and insects have been studied in 
many insects, especially in aphids. The symbiont community in 
aphids has been found to be highly diverse and dynamic, with 
difiFerent symbionts being identified among host species and 
among individual hosts within species [1]. There are diverse 
beneficial effects conferred by the symbionts of aphids, including 
protection from natural enemies, heat tolerance, insecticidal 
susceptibility, and improvements in reproduction [1,2,3]. 

Bemisia tabaci (Hemiptera: Aleyrodidae) is a worldwide insect 
pest that threatens many crops and is a major problem not only as 
a plant pest but also as a vector of plant viruses [4,5] . Similar to 
other sap-sucking insects, such as aphids, B. taliaci also harbors 
obligate and facultative symbionts. Portiera aleyrodidarum is an 
obligate symbiont in B. tabaci, and Arsenopftonus, Hamiltonella, 
Wolbachia, Cardinium, Fritschea and Rickettsia are facultative symbi- 
onts that have been found in B. tabaci [6,7,8,9,10]. Studies on 
facultative symbiont diversity among different biotypes of 5. tabaci 
have indicated that some facultative symbionts were biotype- 
dependent. In Israel, only the B biotype harbors Hamiltonella, only 
the Q_ biotype harbors Wolbachia and Arsenophonus, and both 
biotypes harbor Rieliettsia [7]. In the southwest Indian Ocean, a 
clear association between facultative symbiotypes and biotypes of 



B. tahaci was also identified. The B biotype, which is an invasive 
biotype in the region, harbors Hamiltonella, the Ms biotype, which 
is an indigenous biotype, harbors Cardinium and Arsenophonus, and 
both of the biotypes harbor Rickettsia [11]. Aside from the 
differences in symbiont species, differences in symbiont combina- 
tions among B. tabaci have also been described among biotypes, 
which suggested that the symbionts might function in the 
diflferentiation and invasion of biotypes [7,11]. In addition to the 
variation in symbiont infections, genetic diversity was also found in 
symbionts among different biotypes or populations. Among the 
worldwide populations of the B and Q, biotypes of B. tabaci, two 
strains of Wolbachia, four strains oi Arseophonus and two strains of 
Cardinium have been found [12]. In addition to the differences in 
the facultative symbiont communities among different geograph- 
ical populations or biotypes, a variation in the facultative symbiont 
communities between female and male individuals of B. tabaci has 
also been identified, and the infection frequencies ot Hamiltonella in 
females was higher than those in males in 6 studied field 
populations [13]. In 5 experimental subpopulations of whiteflies, 
several facultative symbiont infections, including Hamiltonella, 
Rickettsia and Cardinium infections, were female-biased infections 
[14]. Whether female-biased facultative symbiont infections are 
common in the natural population is still unknown. Aside from 
Hamiltonella, whether there are sexual differences among the other 
facultative symbionts in field populations of B. tabaci also remains 
unclear. 

Previous survey has indicated that obligate symbionts infected 
every individual of all the tested B. tabaci populations [15]. 
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Answering the questions regarding whether there are individuals 
that are not infected with obligate symbionts and whether there 
are sexual differences among obligate symbiont infections would 
be beneficial to understanding the role of symbionts and to provide 
possible methods for the efficient control of the whitefly population 
through the manipulation of their symbionts. 

Tomato yellow leaf curl virus (TYLCV) (family Geminiviridae, 
genus Begomovirus) is the most important plant virus that is 
transmitted by B. tabaci [16]. The transmission of TYLCV by 
whiteflies is affected by many factors associated with the vector, 
including sex, biotype and endosymbionts. It has been reported 
that the transmission of TYLCV was related to the sex of the 
whiteflies and that viruliferous females could transmit TYLCV to 
males but not to females, and similarly, viruliferous males could 
transmit the virus only to females, suggesting that TYLCV 
transmission exclusively occurs among whiteflies of different sexes 
[17]. The sex of A tabaci also affected the efficiency of TYLCV 
transmission, with female whiteflies observed to transmit the virus 
more efficiently than males [18]. However, whether the infection 
frequencies of TYLCV in females are higher than those in males is 
still poorly understood. 

In the present study, we compared the symbiont communities, 
including obligate and facultative symbionts, among female and 
male individuals of A tabaci irom 5 field populations. At the same 
time, we compared the TYLCV infection frequencies between the 
two sexes. Based on these data, we analyzed the association 
between symbiont populations or TYLCV infection rates and sex 
bias. 

Materials and Methods 

Ethics statement 

The whiteflies used in our studies were collected from the 
Experimental Station ofjiangsu Academy of Agricultural Scienc- 
es. No specific permissions were required for these locations. We 

confirm that the locations are not privately-owned or protected in 
any way, and our field studies do not involve endangered or 
protected species. 

Whitefly collection 

Bemisia tabaci adults were collected from August to September 
2011 from cotton plants in Fengxian Jiangsu province, and from 
cotton, sweet potato, tomato and cucumber plants in Nanjing, 
Jiangsu province, China. The sexes of the collected adults were 
identified, and the whiteflies from both sexes were separately 
stored at -20°C for DNA extraction. 

DNA extraction 

Each field-collected whitefly was ground individually with a 
sterilized toothpick for 1 min in 20 |J,L extraction buffer (50 mM 
Tris-HCl pH 8, 20 mM NaCl, 1 mM EDTA, and 1 % SDS). 
Then, 1 |J,L 20 mg/ml proteinase K (Sigma) was added to the 
extract and the mixture was centrifuged. The lysate was then 
incubated at 60°C for 1 h, 1 ^L 20 mg/ mL proteinase K (Sigma) 
was again added to the liquid, and the lysate continue to be 
incubated at 60°C for 2 h, followed by the addition of 178 |J,L 
ddH20 and further incubation at 100°C for 5 min. Then, 100 |J,L 
extract was removed to new Eppendorf tube, 200 |J,L alcohol was 
then added to the new tube and the mixture was stored at — 20°C 
overnight. The next day, the extract was centrifuged, the 
suspension was poured out, 20 |j,L ddH20 was added to the 
DNA, and the DNA was stored at -20°C until use. 



Biotype Identification 

Biotypes were identified based on the amplification of the 
mitochondrial Cytochrome Oxidase (mtCOI) gene. The primers 
that were used for amplifying the gene are shown in Table 1 . The 
25 |iL PCR reaction system contained the following: 2 mM Mg^"^, 
200 mM dNTP, 1 xPCR bufier, 0.5 U DNA Taq enzyme, and 
0.4 nM each primer. The PCR program was as follows: 
denaturation at 94°C for 5 min, followed by 35 cycles at 94°C 
for 90 s, 50°C for 90 s and 72°C for 1 min, and a final extension 
step at 72°C for 10 min. The PCR product was sequenced to 
identify the biotype. The bands which were the PCR products 
visualized using 2% agarose gel were eluted and cloned into the 
pGEM T-Easy plasmid vector (Promega). The vectors were 
transformed into E. coli and sequenced. The sequences were then 
compared with the known sequences databases of the Natural 
Center for Biotechnology Information (NCBI) to identify the 
biotype. 

Endosymbiont detection 

The symbiont communities and infection frequencies among 
female and male whiteflies within the population were compared. 
Sixty field-coUected adults of each sex were used to detect the 
presence of obligate symbionts and facultative symbionts on each 
individual. Mt COI gene amplifications of all the samples were 
completed prior to symbiont detection to test the quality of the 
DNA extraction, and the results showed that aJl of the DNA 
extracts used for symbiont detection were of high quality. The 16S 
or 23SrDNA gene fragments were amplified to determine the 
presence of symbionts, and all the primers that were used to detect 
the obUgate symbiont P. aleyrodidarum and the facultative symbionts 
Hamiltonella, Rick£ttsia, Wolhachia, Arsenophonus, Cardinium and 
Fritschea are listed in Table 1 . The DNA quality of all individuals 
for symbiont detection was confirmed by the successful cloning of 
the mt COI gene. The PCR reaction system and program used for 
each symbiont were the same as those described in the references 
[8,19-24]. 

To confirm that the amplified bands were actually from the 
desired symbionts, bands for each symbiont were randomly 
selected, sequenced, and compared with the known sequences 
databases from NCBI. 

Tomato yellow leaf curl virus detection 

The tomato yellow leaf curl virus infection frequencies in female 
and male whitefUes were compared. The DNA samples used for 
symbiont detection were also used for TYLCV detection. As with 
symbiont detection, 60 adults for each sex were used to detect the 
presence of TYLCV in each individual. The specific primers 
TV_P833 (5'-GGTCTACAC GCTTACGCCTTATT-3') and 
PATY_R (5'-TTCCATCCGAACATTCAGGCAGC-3') were 
used to amplify the TYLCV DNA, and the PCR products were 
800 bp. The 10 |tL PCR reaction system included the following: 
5 \xL mix (100 mM KCl, 20 mM Tris-HCl, 3 mM MgClg, 
400 ^iM dNTPs), 0.2 [iL Taq enzyme (5 U/^L), 0.5 ^iL 
TV_P833 primer, 0.5 ^L PATY_R primer, 3.2 \lh H2O, and 
0.6 |iL DNA. The PCR program was as follows: denaturation at 
94°C for 5 min, foUowed by 35 cycles at 94°C for 45 s, 56°C for 
45 s and 72°C for 1 min, and a final extension step at 72°C for 
10 min. The PCR product was sequenced to identify the virus 
species. 

Statistical analyses 

The symbiont and TYLCV infection frequencies between 
females and males were compared by a Pearson non-parametric 
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Table 1. Nucleotide sequence of the primers that were used in the present study. 





Target organism 


Target gene 


Primer name 


Primer sequences (5 -3 ) 


Product 
size(bp) 


References 


S. tabaci 


Mt COI 


Cl-J-2195 


1 IL.AI 1 1 1 1 IGGILAILLAGAAGI 


800 


[18] 






L2-N-3014 


TCCAATGCACTAATCTGCCATATTA 






P. aleyrodidarum 


leSrDNA 


28F 


TGCAAGTCGAG CGGCATCAT 


1000 


[19] 






1098R 


AAAGTTCCCGCCTTATGCGT 






H. defense 


leSrDNA 


92F 


TGAGTAAAGTCTGGGAATCTGG 


1250 


[19] 






1343R 


CCCGGGAACGTATTCACCGTAG 






C hertigii 


leSrDNA 


Ch-F 


TACTGTAAGAATAAGCACCGGC 


400 


[20] 






Ch-R 


GTGGATCACTTAACGCTTTCG 






Rickettsia 


leSrDNA 


Rb-F 


GCTCAGAACGAACGCTATC 


900 


[8] 






Rb-R 


GAAGGAAAGCATCTCTGC 






Wolbachia 


wsp 


81 F 


TGGTCCAATAAGTGATGAAGAAAC 


600 


[21] 






691 R 


AAAAATTAAACGCTACTCCA 






Arsenophonus 


235rDNA 


Ars23-1 


CGTTTGATGAATTCATAGTCAAA 


600 


[22] 






Ars23-2 


GGTCCTCCAGTTAGTGTTACCCAAC 






Fritschea 


23srDNA 


U23F 


GATGCCTTGGCATTGATAGGCGATGAAGGA 


600 


[23] 






23SIGR 


TGGCTCATCATGCAAAAGGCA 







doi:l 0.1 371 /journal.pone.0084538.t001 



test using the distribution. SPSS software 11.0 was used for 
statistical analyses. 

Results 

1. Differences in obligate symbiont infection rates in 
female and male B. tabaci 

Five field populations of B. tahaci were collected in Jiangsu 
province, China to compare the symbiont infection rates between 
females and males. Before symbiont detection, biotype identifica- 
tion was conducted based on mtCOI sequences, and the results 
indicated that all the individuals from the single population 
collected in Fengxian, Jiangsu province belonged to the B biotype, 
and all of the populations collected in Nanjing, Jiangsu province 
belonged to the Q_ biotype. 

The obligate symbiont communities in both female and male 
adults in the one B biotype and four biotype populations were 
compared (Fig. 1). The obligate symbiont P. aleyrodidarum was not 
found in every tested individual whitefly in any of the 5 
populations examined, and a female-biased infection frequency 
of the obligate symbiont in B. tabaci was observed. The overall 
infection rate in females from the 5 populations was significandy 
higher than that in males (95.3% and 74.7%, respectively, 
X^i = 51.413, P<0.0001). Whether the population was collected 
from cotton, tomato, cucumber or sweet potato, the infection 
frequencies in females were always significantly higher than those 
in males. In the populations of the B and d biotypes collected 
from cotton, 100% and 91.7% of females, respectively, harbored 
the obligate symbiont, whereas only 85% and 70% of males, 
respectively, were found to harbor P. aleyrodidarum (B: x^i =9.09, 
P= 0.0023, Q,: =9.7297, P= 0.0014). In populations of the Q, 
biotype collected from tomato, sweet potato and cucumber, the 
infection rates in females were all higher than 90%, and those in 
males were all lower than 75% (tomato: x^ =4.6753, P= 0.0264; 
sweet potato: x^i=9.4118, P= 0.0019; and cucumber: 
5C^ = 22.5743, P<0.0001). 



2. Differences in facultative symbiont infection rates in 
female and male 6. tabaci 

All six known facultative symbionts in B. tabaci were tested, and 
four species of facultative symbionts, including Hamiltonella, 
Rickttesia, Cardinium and Wolbachia, were detected, whereas 
Arsenophonus and Fritschea bemisiae were not observed in any of the 
samples. 

Hamiltonella infection. H. defense was the predominant 
facultative symbiont identified in the 5 populations (Fig. 2). 
Seventy-seven percent of females and 61% of males harbored 
Hamiltonella, and the infection frequency was significandy different 
between the two sexes (X^ = 17.9523, P<0.0001). Hamiltonella 
infection frequencies did not difier between females and males in 
every population; in populations of the B biotype collected from 
cotton and in populations of the Q, biotype collected from sweet 
potato, more females than males harbored Hamiltonella (B cotton: 
X^ = 1 3.8068, P= 0.0002; Qsweet potato: = 8.6195, P= 0.0028), 
whereas in populations of the Q, biotype collected from cotton, 
tomato and cucumber, the Hamiltonella infection frequencies of 
females and males were at similar levels (Q, cotton: y^i = 1.7455, 
P=0.1612; Q, tomato: x^ = l-1291, P=0.174; Q, cucumber: 
X^ =0.6818, P= 0.2681). 

Cardinium, Wolbachia and Rickettsia infections. Cardinium, 
Wolbachia and Rickettsia infections were all observed at low frequencies 
(Table 2). As was observed with the Hamiltonella infection, the 
overall infection frequencies of Cardinium and Rickettsia were also 
significandy different between females and males, but the sex-biases 
of the infections were difierent; more females (20.7%) than males 
(12.7%) were infected with Cardinium (x^ =6.912, P= 0.0057), 
whereas more males (8.7%) than females (3.3%) were infected with 
Rickettsia (x^i = 7.565, P- 0.0045). Neither Cardinium nor Rickettsia 
were differently distributed among female and male whiteflies in 
difierent populations, and only the population of the biotype 
collected from cucumber showed a Cardinium infection difiFerence 
between females and males (25% and 6.7%, respectively, 
X^i = 7.5664, P= 0.0055), while only the population of the d 
biotype collected from tomato showed a difference in Rickettsia 
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Figure 1. Infection frequencies of the obligate symbiont in female and male B. tabaci. Columns indicate a female-biased obligate symbiont, 
P. aleyrodidarum infection in the 5 populations of whiteflies; and the infection rate in females in each population was all significantly higher than that 
in males. *P<0.05, **P<0.01, and ***P<0.0001. 
doi:1 0.1 371 /journal.pone.0084538.g001 



infection between females and males (0% and 31.7%, respectively, 
X\ = 22.5743, P<0.0001). No Wolhachia infection associated with 
sex was found in any of the populations. 

3. Multiple infections of facultative symbionts in female 
and male B. tabaci 

Multiple infections of facultative symbionts were also compared 
in female and male B. tabaci (Table 3). Although most of the 
individuals harbored only one species of facultative symbiont. 



seven types of multiple infections, including two types of triple 
infections and five types of double infections, were also found, and 
they were all observed at low frequencies. There were differences 
observed in multiple infection frequencies between females and 
males. Among the multiple infections, the HR [Hamiltonella and 
Rickettsia) and HC [Hamiltonella and Cardinium) infection frequencies 
differed between females and males. The infection frequency of 
HR in females (2%) was significandy lower than that in males 
(6.7%) (x^i = 7.88, P= 0.004), whereas the infection frequency of 
HC in females (17%) was significandy higher than that in males 



100 



80 



S 60 



40 



20 



□ Female nMale 



All populations B Cotton 



Q Cotton Q Tomato 

Populations 



Q Sweet potato Q Cucumber 



Figure 2. Infection frequencies of the facultative symbiont Hamiltonella in female and male B. tabaci. Hamiltonella was the predominant 
facultative symbiont identified in the 5 populations, and the overall infection frequency of Hamiltonella in females was significantly higher than that 
in males, whereas infection frequencies did not differ between females and males in every population; in two populations of the whiteflies, more 
females than males harbored Hamiltonella, whereas in the other three populations, the Hamiltonella infection frequencies of females and males were 
at similar levels. 

doi:1 0.1 371/journal.pone.0084538.g002 
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Table 2. Infection frequencies of facultative symbionts In 



female and male 6. tabaci. 




Biotype Host plant 


Sex 


Infection frequency (%) 








Cardinium 


Rickettsia 


Wotbacfjia 


B Cotton 


F 


20 


13 3 


8.3 




M 


21 7 


8 3 


18.3 


Q Cotton 


F 


16.7 


0 


0 




M 


11.7 


0 


0 


Tomato 


F 


16.7 


0 


0 




M 


6.7 


31.7*** 


0 


Sweet potato 


F 


25 


0 


0 




M 


16.7 


3.3 


0 


Cucumber 


F 


25** 


3.3 


1.7 




M 


6.7 


0 


0 


Average 


F 


20.7** 


3.3 


2 




M 


12.7 


8.7** 


3.7 



Note: 

**P<0.01. 

***P<0.0001. 

doi:l 0.1 371 /journal.pone.0084538.t002 



(6%) (x^= 17.833, P<0.0001). The infection frequencies in 
females and males did not differ for the other five types of 
multiple infections. HCW (Hamiltonella, Cardinium and Wolhachid] 
and HCR [Hamiltonella, Cardinium and Rickettsia) infections in 
females and males were both observed at the very low frequency of 
0.3% (1/300). The HW [Hamiltonella and Wolhachid), CW 
[Cardinium and Wolhachid) and RW [Rickettsia and Wolhachia) 
infection frequencies were also not different between females 
and males. The popxilation of females (17%) without any 
facultative symbionts was significandy lower than that of males 
(29.7%) [x^i = 13.453, P<0.0001). 

4. Infection frequencies of TYLCV in female and male 6. 
tabaci 

Field populations of B. tahaci from tomato, cucumber and sweet 
potato were collected from the same location to compare the 
differences in TYLCV infection rates between females and males 
(Fig. 3). It was found that the three populations, the overall 
TYLCV infection frequency was 40% in female individuals, 
whereas it was only 8.9% in male individuals, and the rate of 
viruliferous whiteflies was significantly difierent between females 
and males [% i = 47.166, P<0.0001). And in every population, the 
rates of viruliferous whiteflies in females were all significantly 
higher than that in males (Tomato: x^i = 9.859, P= 0.001; Sweet 
potato: r'l =9.09, P= 0.002; Cucumber: x^ = 72, P<0.0001). 

Discussion 

As an obligate symbiont in B. tahaci, P. aleyrodidarum benefits its 
host insect by providing nutrients that are lacking or limited in the 
diet, and all of the previous studies have indicated that P. 
aleyrodidarum was present in all individual whiteflies, as the obfigate 
symbiont was thought to be required for host development and 
survival [13,15,25]. However, in our present study, this obhgate 
symbiont was not detected in aU of the tested female and male 
individuals of B. tahaci. In the five field populations collected in 
Fengxian and Nanjing, Jiangsu Province, China, the infection 



frequencies of obligate symbiont were not 100% in either females 
or males. There are several possible explanations for the absence 
of obligate symbiont in our study, one is that the populations of 
B. tahaci in our study is actually different from that in previous 
studies. Another is that the diagnostic detection method in our 
study is not sensitive enough as quantitative PCR to detect the 
lower symbiont titer in some individuals. In a natural population 
of the pea aphid, Acyrthodphon pisum, the obligate symbiont Buchnera 
aphidicola was found to be present in nearly all individuals [26]. A 
facultative endosymbiotic y-proteobacterium was found to com- 
pensate for the loss of the obligate symbiont, and aphids with the 
complete elimination of Buchnera could survive and reproduce after 
infection with the endosymbiont [27]. In our present study, most 
of the obfigate symbiont-free B. tahaci harbored at least one 
facultative symbiont, and very few individuals had no symbiont. 
The presense of P. aleyrodidarum in immature stages of A tahaci, and 
the adult whiteflies without this obfigate symbiont should be 
further investigated. 

Our present study also indicated that the obhgate symbiont 
infection in B. tahaci has a female bias, and more males than 
females were found to be Portiera-free in all of the 5 field 
populations tested. As B. tahaci is a haplo-diploid species, diploid 
eggs produced by mated females will develop into females, and 
haploid eggs produced by unmated or mated females will develop 
into males [28]. It is reasonable to infer that, as females are the 
offspring of mated females, they have the opportunity to obtain 
symbionts from both the motiier and the father, whereas because 
males are the offspring of unmated or mated females, their overall 
chances for obtaining symbionts are reduced, which may result in 
more females than males harboring the obligate symbiont. 

In our present study, four of the six known facultative symbionts 
in B. tahaci were found in both B biotype and Q_ biotype whiteflies, 
including Hamiltonella, Rickettsia, Cardinium and Wolhachia. Arseno- 
phonus and Fritschea were not observed. Among the four facultative 
symbionts, Hamiltonella was the most abundant symbiont in the B 
biotype, which is similar to what was observed in the B biotype 
from Croatia [29] and in the B and Q_biotypes from China [13]. 
In the present study, Cardinium was less abundant, and Wolhachia 
and Rickettsia were rare symbionts. These results are in contrast to 
the facultative infection rates observed in the B biotype of B. tahaci 
from Israel, where Rickettsia was abundant, and Cardinium and 
Fritschea were not found [7] . In the B biotype from the southwest 
Indian Ocean, La Reunion, Hamiltonella and Rickettsia were all 
widely distributed [1 1]. In whiteflies from other locations in China, 
Hamiltonella and Rickettsia were both the predominant symbionts 
[13,30]. The difference between our results and other reports from 
China may result from the differences in the sample collection sites 
or in change in symbiont frequencies over time. In the Qwhiteflies 
in our present study, Hamiltonella was also the most abundant 
symbiont. This is consistent with previous findings in whiteflies 
in other reports from China. Gueguen et al [12] and Chiel et al [7] 
also found that Hamiltonella was present at a high rate in Q, biotype 
whiteflies, whereas the abundance of Arsenophonus, Rickettsia, and 
Wolhachia was dependant on the locations of the Q biotype 
whiteflies. In our present study, the other three facultative 
symbionts were all observed at relatively low frequencies. 

Female-biased Hamiltonella infection was also observed in the 
pooled data from the one B and four biotype field populations 
from Jiangsu province, China. However, the sexual difference 
varied with the populations, with female-biased Hamiltonella 
infections only found in two of the five populations: the B biotype 
population collected from cotton and the biotype population 
collected from sweet potato. In addition to the sexual differences in 
Hamiltonella infection frequencies, Cardinium and Rickettsia infection 
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Table 3. Multiple infection frequencies of facultative symbionts in female and male B. tabaci. 





Biotype 


Host plant 


Sex 


Infection frequency (%) 




















HCR 


HCW 


HW 


HR 


HC 


CW 


RW 


N 


B 


Cotton 


M 


1.7 


1.7 


5 


10 


15 


0 


0 


3.3 






F 


0 


1.7 


10 


6.7 


10 


5 


0 


26.7 


Q 


Cotton 


M 


0 


0 


0 


0 


16.7 


0 


0 


5 






F 


0 


0 


0 


0 


6.7 


0 


0 


5 




Tomato 


M 


0 


0 


0 


0 


15 


0 


0 


35 






F 


0 


0 


0 


26.7 


1.7 


0 


0 


35 




Sweet potato 


M 


0 


0 


0 


0 


15 


0 


0 


28.3 






F 


0 


0 


0 


0 


6.7 


0 


0 


53.3 




Cucumber 


M 


0 


0 


0 


0 


23.3 


0 


1.7 


13.3 






F 


0 


0 


0 


0 


5 


0 


0 


28.3 


Average 




M 


0.3 


0.3 


1 


2 


17*" 


0 


0.3 


17 






F 


0.3 


0.3 


2 


6.7** 


6 


1 


0 


29.7*** 



Different letters represent different symbiont combinations: HCW, Hamiltonella, Cardinium and Wolbachia; HC, Hamiltonella and Cardinium; HR, Hamiltonella and 

Rickettsia; HW, Hamittonelia and Woibaciiia; and CW, Cardinium and Wolbactiia. 

**P<0.01, 

***P<0.0001. 

doi:l 0.1 371 /journal.pone.0084538.t003 



frequencies were also observed to be sex-dependent; more females 
than males harbored Cardinium, but more males than females 
harbored Rickettsia, although all infection frequencies were 
observed at low levels. 

Multiple infections of symbionts in B. tabaci are common, and 
the combinations of symbionts are varied [7,11]. In our present 
study, six types of multiple infections were detected in B biotype 
whiteflies, and three types were detected in Q biotype whiteflies. 
Two types of triple infections and five types of double infections 
were observed, and they were all observed at low frequencies. 
Sexual differences were also found in multiple infection frequen- 
cies, with HR and HC infection frequencies diflering between 
females and males. 

Symbiont-mediated function has been reported in many 
symbiont-host associations. For Hamiltonella, which was the most 
abundant facultative symbiont observed in our present study, 



50 
45 
40 
35 
30 
25 
20 
15 
10 
5 
0 



□ Female 

□ Male 



All populations Tomato Sweet potato Cucumber 



Figure 3. Rates of female and male viruliferous whiteflies. The 

TYLCV infection was sexual different, and the rate of viruliferous 
whiteflies in females was significantly higher than that in males. 
doi:1 0.1 371/journal.pone.0084538.g003 



previous reports showed that Hamiltonella was related to TYLCV 
transmission in B. tabaci, and the high infection rate of Hamiltonella 
in whitefly symbionts has been shown to promote the rapid spread 
of TYLCV in China [31,32]. No other effect of Hamiltonella has 
been found in B. tabaci. In A. pisum, Hamiltonella has been shown to 
protect the host from being parasitized, and the protection 
capability varies among different symbiont strains [33] . In A. pisum, 
the infection of a facultative symbiont has been shown to 
compensate for the loss of the obligate symbiont [27]. It therefore 
may be possible for Hamiltonella to function in a similar role as the 
obligate symbiont in B. tabaci. Rickettsia in B. tabaci was found to 
function as a reproductive manipulator and mutualist, as it 
induced female bias and increased performance, and these 
properties have promoted the spread of Rickettsia across the 
southwestern United States [34]. Moreover, Rickettsia was also 
found to be associated with an increase in insecticide resistance 
[35]. However, the infection frequencies oi Rickettsia were found to 
be very low in our present study, suggesting that its role is less 
important in the investigated populations. 

Our present results showed that more females than males 
carried TYLCV in B. tabaci. Our present data and previous results 
have also demonstrated that more females than males harbor 
Hamiltonella. Hamiltonella has been found to be closely associated 
with the acquisition, retention and transmission efficiency of 
TYLCV [32] . The sex of B. tabaci was also found to affect the 
efficiency of TYLCV transmission, with female whiteflies observed 
to transmit the virus more efficiently than males [18]. Combined 
with the above, these results indicated that more females 
harboring Hamiltonella further promoted the expansion of TYLCV, 
and this could be a reasonable explanation for why TYLCV has 
spread so rapidly and has caused such heavy damage in the China. 
In future studies, it will be very important to explore methods for 
decreasing the infection frequency of Hamiltonella and, thus, 
inhibiting the spread of TYLCV. 



PLOS ONE I www.plosone.org 



6 



January 2014 | Volume 9 | Issue 1 | e84538 



Female-Biased Infections in Bemisia tabaci 



Acknowledgments 

We thank Baohua Qiu and Zongquan Liu at the Plant Protection Station 
of Fengxian County, Jiangsu Province, China for collecting the whiteflies, 
Bemisia tabaci. 

References 

1. Oliver KM, Dcgnan PH, Burke GR, Moran NA (2010) Facultative symbionts in 
aphids and the horizontal transfer of eeologieally important traits. Ann Rev 
Entomol 55: 247-266. 

2. BrownlieJC, Johnson KN (2009) Symbiont-mediated protection in insect hosts. 
Trends Microbiol 17:348-354. 

3. Lukasik P, van Asch M, Guo H, Ferrari J, Godfray HCJ (2013) Unrelated 
facultative endosymbionts protect aphids against a fungal pathogen. Ecology 
Letters 16: 214-218. 

4. Jones DR (2003) Plant viruses transmirtcd bv whileflies. I'lirJ Plant Pathol 109: 

195-219. 

5. Varma A, Malathi V(j (2003) Emerging gemini\irus prolilems: a serious threat 
to crop production. Ann Appl Biol 142:145-164. 

6. Everett KD, Thao M, Horn M, Dyszynski GE, Baumann P (2005) Novel 
chlamydiae in whiteflies and scale insects: endosymbionts 'Candidatus Fritschea 
bemisiae' strain Falk and 'Candidatus Fritschea eriococcf strain Ebn. Int J Syst Evol 
Microbiol 55:1581-1587. 

7. Chiel E, (iotiheli Y, Zchori-Eein E, Mozes-Daubc N, Katzir N, ct al. (2007) 
Biot\'pe-dependcnt secondary svmbiont communities in sympatric populations of 
Bemisia tahaci. Bull Entomol Res 97: 407 413. 

8. Gottlieb Y, Ghanim M, Ghiel E, (ierhng D, Portnoy V, et al. (2006) 
Identification and localization of a Rickettsia in Bemisia tabaci (Homoptera: 
Aleyrodidae). Appl Environ Microbiol 72: 3646-3652. 

9. Gotdieb Y, Ghanim M, Gueguen G, Kontsedalov S, Vavre F, et al. (2008) 
Inherited intracellular ecosystem: symbiotic bacteria shju-e bacteriocytes in 
whiteflies. FASEBJ 22: 2591-2599. 

10. Li ZX, Lin HZ, Guo XP (2007) Prevalence of Wolbachia infection in Bemisia 
tahaci. Curr Microbiol 54:467-471. 

11. Thierry M, Becker N, Hajri A, Reynaud B, Lett JM, et al. (2011) Symbiont 
diversity and non-random hybridization among indigenous (Ms) and invasive (B) 
biotypes Bemisia tabaci. Mol Ecol 20: 2172-2187. 

12. Gueguen G, Vavre F, Gnankine O, Peterschmitt M, Charif D, et al. (2010) 
Endosymbiont metacommunities, mtDNA diversity and the evolution of the 
Bemisia tahaci (Hemiptera: Aleyrodidae) species complex. Mol Ecol 19: 4365— 
4378. 

13. Pan HP, Li XC, Ge UQ, Wang S, \Vu et al. (2012) Factors affecting 
population dynamics of" maternally transmitted endosymbionts in Bemisia tahaci. 
Plos one 7: e30760. 

14. Pan HP, Li XC, Zhang YJ (2012) Sex alfccts the infection frequencies of 
symbionts in Bemisia tabaci. Commun Integr Biol 5:4, 337-339. 

15. Thao ML, Baumann P (2004) Evolutionary relationships of primary prokaryotic 
endosymbionts of whiteflies and their hosts. Appl Environ Microbiol 70: 3401— 
3406. 

16. Rubinstein G, Czosnek H (1997) Long-term association of tomato yellow leaf 
curl virus (TYLCV) with its whitefly \'ector Bemisia tahaci: effect on the insect 
transmission capacity, longevity and fecundity. J (ien Virol 78: 2683—2689. 

17. Ghanim M, Czosnek H (2000) Tomato yellow leaf curl geminivirus (TYLCV-ls) 
is transmitted among whiteflies (Bemisia tahaci) in a sex -related manner. J Virol 
74: 4738-4745. 

18. Muniyappa V. Venkatesh HM, Ramappa HK, Kulkarni RS, Zeidan M, et al. 
(2000) Tomato leaf curl virus from Bangalore (ToLCV-B£m4): sequence 
comparison with Indian ToLCV isolates, detection in plants and insects, and 
vector relationships. Arch Virol 145: 1583-1598. 



Author Contributions 

Conccix'cd and designed the experiments: HO YQ^XL WZ JF. Performed 
the experiments: HG YQ. Analyzed the data: HG XL. Contributed 
reagents/materials/analysis tools: HG WZ. Wrote the paper: HG. 



19. Simon C, Erati E, Bcckenbach A, Crespi B, Liu H, ct al. (1994) Evolution, 
weighting, and phylogenetic utflity of mitochondrial gene sequences smd a 
compilation of conserved polymerase chain reaction primers. Ann Entomol Soc 

Am 87: 651-701. 

20. Zchori-Fein E, Brown JK (2002) Diversity of prokaryotes associated with Bemisia 
tahaci (Gennadius) (Hemiptera: Aleyrodidae). Ann Entomol Soc Am 95: 711- 
718. 

21. Zchori.Fein E, PerlnanJ (2004) Distribution of the bacterial symbiont Cardinium 
in arthropods. Mol Ecol 13:2009-2016. 

22. Zhou WG, Rousset F, O Neil SL (1998) Phylogeny and PCR-based classification 

of Wolhachia strains using zvsp gene sequences. Proc Royal Soc London B 265: 
509-515. 

23. Ehao ML and Baumann P (2004) Evidence for multiple acquisition of 
Arsenophonus by whitefly species (Stemorrhyncha: Aleyrodidae). Curr Microbiol 

48: 140-144. 

24. I'hao M L, Baumann L, Hess JM, Ealk BVV, NgJC, et al. (2003) Phylogenetic 
evidence for two new insect-associated Chlamydia of the Family Simkaniaceae 
Curr Microbiol 47: 46-50. 

25. Baumann P (2005) Biology of bactcriocytc-associated endosymbionts of plant 
sap-sucking insects. Ann Rev Microbiol 59:155—189. 

26. Douglas AE (1998) Nutritional interactions in insect— microbial symbioses: 
aphids and their symbiotic bacteria Buchnera. Ann Rev Entomol 43:17-37. 

27. Koga R, Tsuchida T and Fukatsu T (2003) Changing partners in an obligate 
symbiosis: a facultative endosymbiont can compensate for loss of the essential 
endosymbiont Buchnera in an aphid. Proc R Soc Loud B 270: 2543—2550. 

28. Byrne IJ, Devonshire AL (1996) Biochemical evidence of haplodiploidy in the 
whitefly Bemisia tabaci. Biochem (jcnet 34:93-107. 

29. Skaljac M, Zanic K, Ban SG, Kontsedalov S, Ghanim M (2010) Co-inlection 
and localization of secondary symbionts in two whitefly species. BMC Microbiol 
10: 142-156. 

30. Chu D, Gao CS, Barro PD, Zhang YJ, Wan FH, et al. (201 1) Further insights 
into the strange role of bacterial endosymbionts in whitefly, Bemisia tabaci: 
Comparison of secondary symbionts from biotypes B and Q, in China. BuU 
Entomol Res 101:477^86. 

31. Gottlieb Y, Zchori-Fein E, Mozes-Daube N, Kontsedalov S, Skaljac M, et al 
(2010) The transmission eiliciency of tomato yellow leaf curl virus by the whitefly 
Bemisia tahaci is correlated with the presence of a specific symbiotic bacterium 
species. J Virol 84: 9310-9317. 

32. Su Q, Pan HP, Liu BM, Chu D, Xie W, et al. (2013) Insect symbiont facilitates 
vector acquisition, retention, and transmission of plant virus. Sci Rep 3, 1367; 
DOI: 10.1038/srep01367. 

33. Oliver KM, Moran NA, Hunter MS (2005) Variation in resistance to parasitism 
in aphids is due to symbionts not host genotype. Proc Nad Acad Sci USA 102: 
12795-12800. 

34. Himler AG, Adachi-Hagimori T, Bergen JE, Kozuch A, KeUy SE, et al. (201 1) 
Rapid spread of a bacterial symbiont in an invasive whitefly is driven by fitness 
benefits and female bias. Science 332: 254—256. 

35. Kontsedalov S, Zchori-Fein E, (.^hiel E, Gottheb Y, Inbar M, et al. (2008) The 
presence Rickettsia is associated with increased susceptibility o^ Bemisia tabaci 
(Homoptera: Aleyrodidae) to insecticides. Pest Manag Sci 64: 789-792. 



PLOS ONE I www.plosone.org 



7 



January 2014 | Volume 9 | Issue 1 | e84538 



